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Abstract

This paper describes the X-29A research program at
the National Transonic Facility. This wind tunnel
test leveraged the X-29A high alpha flight test
program by enabling ground-to-flight correlation
studies with an emphasis on Reynolds number
effects. The background and objectives of this test
program, as well as the comparison of high Reynolds
number wind tunnel data to X-29A flight test data are
presented. The effects of Reynolds number on the
forebody pressures at high angles of attack are also
presented. The purpose of this paper is to document
this test and serve as a reference for future ground-to-
flight correlation studies, and high angle-of-attack
investigations. Good ground-to-flight correlations
were observed for angles of attack up to 50°, and
Reynolds number effects were also observed.

Nomenclature
c mean aerodynamic chord, in
Cx normal force coefficient
Cp pressure coefficient
Cy side force coefficient
DARPA Defense Advanced Research
Projects Agency
ESP electronically scanned pressure
F degrees Fahrenheit
1 fuselage or body length, in
M Mach number
NTF National Transonic Facility
P, total pressure, psi
Reynolds number based on mean
Re aerodynamic chord
Rep Reynolds number based on
forebody diameter
S Wing reference area, in°
T, total temperature, °F
USAF United States Air Force
X axial distance from nose apex, in
o angle of attack, deg
6 circumferential angle. deg
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Introduction

A joint research program to investigate the high
angle-of-attack performance potential of the X-29A
“orward swept wing fighter commenced in the
1980’s. Primary partners in this joint program were
NASA, Grumman Aerospace, the United States Air
Force (USAF), and the Defense Advanced Research
Projects Agency (DARPA). During the high angle-
of-attack flight test, data were obtained to support
serodynamics, flow visualization, control systems,
handling qualities, and maneuverability research. A
more extensive description of this flight program may
he found in reference 1. The National Transonic
Facility (NTF) X-29 High Alpha test was established
to augment this flight research program by enabling
ground-to-flight correlation studies with emphasis on
Reynolds number effects. Portions of the data from
this wind tunnel test have been previously published
in related articles.”™ The purpose of this paper is to
further document this test and serve as a reference for
future ground-to-flight correlation studies, and high
angle-of-attack investigations.

Aircraft Description
The X-29A is a single place research airplane with a

29.27° forward leading edge sweep wing, close
coupled variable incidence canards, and full span
dual hinged flaperons.4 The Grumman Aerospace
designed X-29A is shown in figure 1. The forward
swept wing is an aeroelastically tailored composite
structure with a supercritical airfoil and a fixed
leading edge. A 75-inch long nose boom, and 24-
inch long nose strakes are positioned at the nose
apex. Side and bottom views of the nose apex are
shown in figure 2.
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Figure 1: Grumman Aerospace X-29A

Figure 2: Side and Bottom View of Nose Apex

The nose boom tapered from a 0.88-inch diameter at
the tip to a 3.5-inch diameter at the nose apex, and
the nose strakes were 1.5 inches wide at the nose
apex and 2.5 inches wide at the downstream end.

As shown in figure 3 the research airplane was
instrumented with four circumferential rows of static
pressure orifices.

Angle-of-attack vanes~

2

Top view
(enlarged)

6=0°

8=0°
xfl = 0.056

6=0

620 ¥/l = 0.201

x/t =0.136

Figure 3: X-29A Research Aircraft Forebody
Pressure Locations

The distribution of these static pressure rows is also
shown in figure 3, where 0° is the windward side of
the fuselage, 90° is the starboard side, and 180° is the
leeward side. In addition to these static pressure
orifices on the forebody, the research airplane was
also instrumented with three angle of attack vanes
and one angle of sideslip vane on the nose boom.

Facility Description

The NTF is a unique transonic wind tunnel designed
to conduct full-scale flight Reynolds number testing
through the use of high pressures and cryogenic
temperatures. This is a fan driven, closed circuit
wind tunnel with an 8.2-foot by 8.2-foot and 25-foot
long test section with a slotted ceiling and floor. A
planform view of the tunnel is provided in figure 4.

-

19.7-dia fan “

< e ————— - 200
' Low-speed diffuser

Turn 1

- High-speed diffuser

¢ Screens “f“
2.6° half-angle

¢ Cooling coil
- Wide-angle diffuser

; 27-dia plenum
/ Slotted test section
82by8.2

Figure 4: Planform View of the NTF

The tunnel operates using either dry air or gaseous
nitrogen as the test medium. During air operations
the tunnel pressure is used to control Reynolds
number, while in the cryogenic nitrogen mode the
tunnel temperature and pressure are used to control
Reynolds number. The NTF affords a test
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Flow Through

environment in which the Mach number and chord
Reynolds number are identical for the scale model in
the test section and the full-scale aircraft in flight.
The NTF is capable of an absolute pressure range
from 15 psia to 125 psia, a temperature range from
-320°F to 150°F, a Mach number range from 0.2 to
1.2, and a maximum Reynolds number of 146x10°
per ft at Mach 1. Typical tests use a temperature
range from -250°F to 120°F. A more extensive
facility description can be found in reference 5.

NTF X-29 Test Program

The primary test objectives were to compare the NTF
high Reynolds number forebody pressure data to the
data obtained during the X-29A high alpha flight test,
and to assess the Reynolds number effects on the
forebody flow at high angles of attack. The effect of
fixing transition on the forebody was also studied
during this test program.

1/16" Scale X-29 Model

The NTF X-29 model is a 1/16" scale representation
of the research airplane. All of the components of the
X-29A research airplane were accurately scaled for
the NTF model except for the thickness of the nose
strakes. At 1/16" scale the model nose strakes should
have been 0.0075 inches thick, but were actually 0.03
inches thick due to NTF model strength
requirements. Pertinent model geometry is given in
figure 5.

Adjustable Control Surfaces
paVALN

Inlets

¢ =541in
S =104.1 in’

|

e
— n ———

Figure 5: 1/16'™ Scale X-29 Model Geometry

204 in
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The 1/16™ scale NTF model featured flow through
‘nlets positioned on either side of the forebody just
‘orward of the canards that combined to form a single
~xhaust at the back of the model. A flow shield was
:ncluded to isolate the balance from the interior duct
‘low in this model.

The contour tolerance of the wing, canard, and
vertical tail was = 0.002 inches. The fuselage
forebody tolerance was + 0.004 inches, while the
remaining fuselage tolerance was approximately

+ 0.004 inches to + 0.006 inches. The model was
built of 18% nickel maraging steel (C type) with a
surface finish of approximately 10 microinches
(RMS). The model was composed of separable
components to allow testing of multiple
configurations. The flaperons, aft body strakes,
rudder, and canards were all designed to be set at
discrete angles. The 1/ 16" scale NTF X-29 model is
shown in figure 6 with all its control surface
components. During this NTF test only the canard
angle was varied. The model canard was designed to
accommodate five discrete angle positions (-20°,
-25° -30°, -35°, -60°), and was set to match the flight
test conditions as closely as possible.

e

£

Figure 6: NTF X-29 Model with Control Surfaces

A unique high alpha sting was used with the X-29
model. This sting was designed to accommodate an
angle of attack range from —7° to 74° using three
primary knuckle positions. A sketch of this high
alpha sting showing the three possible knuckle
positions is given in Figure 7. As seen in this sketch,
only the second knuckle position keeps the model
center of rotation aligned with the tunnel centerline,
and positions #1 and #3 would present the model
positions most susceptible for wall interference.
Figure 8 shows the 1/16" scale X-29 model mounted
on the high alpha sting in the NTF test section.
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electronically scanned pressure (ESP) module with a
full-scale pressure range of + 15 psid. The quoted
(worst case) accuracy of the ESP module was
approximately 0.20 percent of full scale or + 0.030
psi (Cp variation +£0.06 at the lowest dynamic

Position #3

_’:JN_NE; pressure condition). For reference, the X-29A high
T alpha flight test forebody pressure data were obtained
| Position #2 / using + 1.5 psi differential pressure transducers with
[ ) an estimated accuracy of approximately + 0.007 psi.*
' / The model aerodynamic force and moment data were
Position #1 obtained with a six component unheated strain gage
balance. The balance maximum load capacity and
Figure 7: General Arrangement of NTF High quoted accuracies are given in Table 2 The .axial
Alpha Sting Depicting Three Knuckle Positions force and moment data acquired were inconsistent,
(Not to Scale) and deemed corrupt. These data show signs of
interference on the balance most likely due to the
tightly packed instrumentation within the model.
Normal and side force data were less sensitive to this
adverse effect, and are presented herein. The main
objective was to compare forebody pressures with
available flight data.
Table 1: Circumferential Static Pressure Locations,
x/1=0.136
NTF Flight NTF Flight
0 (deg) 0 (deg) 6 (deg) 0 (deg) |
24.2 n/a 185.9 186.0
47.6 n/a n/a 189.0
59.6 60.0 191.9 192.0
n/a 66.0 197.7 195.0
72.0 72.0 203.6 204.0
77.9 78.0 n/a 207.0
83.9 n/a 209.8 210.0
89.8 90.0 n/a 213.0
95.0 95.0 215.5 216.0
99.9 100.0 n/a 219.0
103.7 105.0 2214 222.0
Figure 8: X-29 Model Mounted in NTF Test Section 107.7 108.0 n/a 225.0
(Knuckle Position #3) 114.1 111.1 227.3 228.0
119.9 120.0 n/a 231.0
125.9 126.0 2347 234.0
Instrumentation and Measurement Corrections wa 129.0 n/a 237.0
The NTF model was instrumented with one 131.9 132.0 240.5 240.0
circumferential row of static pressure orifices on the n/a 135.0 246.2 249.0
forebody at station x/1=0.136. This forebody location 138.0 138.0 2523 252.0
was chosen to correspond with one of the X-29A n/a 141.0 n/a 255.0
research airplane static pressure row locations (see 143.9 144.0 260.3 260.0
figure 3). The circumferential distribution of the n/a 147.0 265.2 265.0
model static pressure orifices was also positioned to 150.0 150.0 270.0 2700
match the research airplane as closely as possible. n/a 153.0 276.0 276.0
Table 1 gives the circumferential pressure orifice 1559 156.0 288.0 288.0
locations for both the X-29 research airplane and the 162.1 165.0 n/a 294.5
X-29 NTF model at x/1=0.136. Again, 0° is the 167.9 168.0 299.5 300.0
windward side of the fuselage, 90° is the starboard /a 171.0 336.1 n/a
side, and 180° is the leeward side. 174.0 174.0 360.0 n/a
180.0 n/a

The NTF model forebody pressure data were
obtained through the use of one internal 48 port
4
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Table 2: NTF Balance Load Capacity

Component Maximum Full-Scale

Load Accuracy
Normal Force + 2500 Ib 0.10 %
Axial Force +3501b 0.26 %
Pitching Moment + 5000 in-lb 0.11 %
Rolling Moment + 2500 in-1b 0.40 %
Yawing Moment + 4000 in-lb 0.18 %
Side Force + 1000 Ib 0.35%

Space limitations inside the 1/ 16" scale NTF model
due to the flow shield around the balance, and the
pressure instrumentation prohibited the use of an on
board accelerometer to measure model angle-of-
attack. These angles were measured using an
arcsector mounted accelerometer package corrected
for sting bending using the balance loads and support
sting deflection sensitivities. These angle of attack
measurements had an estimated accuracy of +0.1°.
Further information on the tunnel instrumentation,
data recording, and the data reduction algorithms is
provided in reference 6. The data herein were not
corrected for wall interference, support tare and
interference, and tunnel upflow.

Test Conditions

The NTF test program was designed to match Mach
number, chord Reynolds number, and angle of attack
with existing X-29A high alpha flight-test data. The
test had a Mach number range from 0.22 to 0.25 at
Reynolds numbers based on mean aerodynamic
chord ranging from 0.7 to 6.8 million, and an angle-
of-attack range from 28 to 68 degrees. A limited set
of data were acquired at 0.6 Mach number, Reynolds
numbers ranging from 1.6 to 8.3 million, and an
angle of attack range from 28 to 42 degrees. The low
Reynolds number testing (Rc < 3.3 million) in air was
conducted at total pressures ranging from
approximately 16 to 75 psia, and total temperatures
ranging from 75 to 100°F. The high Reynolds
number testing (R¢ > 5 million) in gaseous nitrogen
had total pressures ranging from approximately 30 to
85 psia, with total temperatures ranging from 55 to
—200°F. Overall the dynamic pressure ranged from
approximately 70 to 800 psf.

Results and Discussion

Tunnel to Flight Pressure Data Comparison
A comparison of the forebody pressure distributions

obtained from the NTF and flight is given in figures
9 through 11. These data are plotted as the
coefficient of pressure (Cp) versus radial forebody
location (8) in degrees. Once again 0° represents the
windward side of the fuselage, 90" is the starboard
side, and 180° is the leeward side. All the data in

5

these figures were obtained without fixing transition
»n the 1/16" scale NTF model. Figures 9a and 9b
are for test conditions of 0.25 Mach number (M),
Reynolds number based on mean aerodynamic chord
'R¢) of approximately 6.6 million, and angles of
ittack (o) of approximately 30 and 35 degrees
respectively. Figures 9c and 9d are for test
~onditions of M=0.22, R¢=5.6 million, and a=40° and
15°, respectively.

30
— Fligt M=0.250 R.=6.83x10° Alpha=30.1deg
25k e NTF  M=0.245 R_=6.70x 10° Alpha=30.0 deg
[ 180°
-2.0 - /"“""‘\
15
o-1.0 [
0.5 b
0o P
05f
TSN I AU ED RSN | e b
105 180 270 360
0
9a) o= 30°
30
e — Flight M=0250 R.=6.61x10° Alpha=34.9 deg
25F : NTF  M=0.246 R.=6.50x 10° Alpha=35.1deg
25}
20
15F
1.0f
o5F ‘
[ )
oof 4 ’
I N
[ e
05k
10*.”»..AJH‘.K\.l“wx»1;l‘A11.A.Al
o 90 180 270 360
0

9b) o= 35°

Figure 9: NTF to Flight Forebody Pressure
Distributions for 30° < o < 45° at x/1=0.136

American Institute of Aerona:itics and Astronautics



30
s Fight M=0.220 R_=5.94x 10° Alpha=39.7 deg
25} : NTF  M=0.214 R;=5.84x10° Alpha=39.6 deg
20}
15}
Q&-LO -
o5fF
oof
05 j_ ! % e
:Il\AAAlll‘llA'lLJl‘AA’AA‘llIAJ_ALAIAI
105 180 270 360
6
9¢) o = 40°
30
[ —=— Flight M=0.220 R=5.55x10° Alpha=45.2 deg
25k —=—— NTF  M=0215 R_=5.39x10° Alpha=45.1 deg
20F
15F
S1oF
05
cof
05|
:lkkl‘JAK.LiiAlAAIIAIAlliAAlLAllilAA‘
0 % 70 270 360
9d) o = 45°
Figure 9: Concluded
The primary suction peaks at 8=70° and 290° indicate
the local acceleration of the attached flow around this
highly curved region of the forebody surface. After
reaching the maximum forebody width, the flow
begins to decelerate as it approaches the leeward side
of the forebody. This deceleration continues until the
flow separates at 8=110° and 250°. Finally, the
effects of the vortices due to the forebody are noted
by the secondary suction peaks at 8=150° and 210°.
This type of pressure distribution is typical of that
seen in previous forebody studies.”*°
An approximate 10° off set exists between the NTF
and the flight data on the starboard suction peak at

6
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Figure 10: NTF to Flight Forebody Pressure
Distributions 50° < o < 66°

6=70°. Since this off set remains fairly constant and
exists in all of the forebody pressure data examined,
it is most likely attributed to a slight geometric
difference in the forebody cross-sectional geometry
between the 1/16™ scale NTF model and the X-29A
research airplane. As expected, all the pressure
distributions remain fairly symmetric in this alpha
range (30° < o < 45°), and generally increase with
angle of attack. Overall there is a good correlation
between the NTF and flight forebody pressure
distributions for angles of attack from 30 to 45
degrees.

Figures 10a through 10d have test conditions of
M=0.23, Rc=5.4 million, and 0=50°, 55°, 59°, and
66°, respectively. There is still reasonable agreement
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Figure 10: Concluded

between the NTF data and the flight data at 0=50°,
but for angles of attack above 50° there is an
appreciable difference between the two pressure
distributions. At o=55° a distinct asymmetry
develops between the forebody vortices in the flight
data as indicated by the asymmetric secondary
suction peaks. The starboard vortex at 8=140° lifts
away from the surface while the port vortex at
9~210° shifts closer to the forebody causing a higher
secondary suction peak under the vortex core. The
proximity of the port vortex to the forebody also
influences the primary suction peak at 6=290°, and
ultimately results in a nose left yawing moment for
the research airplane. The pressure distribution for
the NTF model is more symmetric than the flight data
at this same angle of attack with only a slight nose

7

right yawing moment indication. The secondary
cuction peak under the port forebody vortex for the
NTF data is less pronounced here than it has been at
the lower angles of attack.

At 0=59° the asymmetry between the forebody
ortices in the flight pressure distribution is more
pronounced, and again a pressure distribution
associated with the nose left tending yawing moment
1s observed. The NTF data at a=59" again is a more
~ymmetric than that of the flight data with only a
-light tendency toward a nose right yawing moment.
The flight pressure distribution for 0=66" indicate a
hange in asymmetry resulting in a nose right yawing
moment for the research airplane. which is typical for
wery sensitive high Reynolds number forebody apex
flow fields.*®'" The NTF data at a~66" maintain
-haracteristics similar to 0=59°, and unlike the flight
Jata did not experience a change in yawing moment
Jirection.

Overall these differences in the pressure distributions
setween the NTF and flight are most likely caused by
the differences in both the boundary layer states, and
the geometric modeling of the forebody apex. nose
boom, and nose strakes. The differences in the
boundary layers between the research airplane and
the 1/16™ scale NTF model may be attributed to
differences in the surface roughness between the two
test articles. The NTF model had a very smooth
surface finish (approximately 10 microinches), while
the research airplane had longitudinal gaps and steps
in the forebody due to instrumentation access panels
that were located forward of the x/1=0.136 pressure
row. Other external equipment on the research
airplane that could have affected the forebody flow
especially at the higher angles of attack include an
antenna, as well as the three angle of attack and one
angle of sideslip vanes mounted on the nose boom.
None of these access panels or other equipment was
modeled on the 1/16" scale NTF test article. When it
is important to match high angle-of-attack flight
conditions for this type of forebody flow field, then it
is necessary to consider even the smallest geometric
differences that may cause an asymmetry in the flow.

A source of error that may also contribute to the
discrepancies observed between the NTF and flight
data for o = 50° would be the wall interference
associated with using knuckle position #3 on the high
alpha sting. For this test, knuckle position #3 placed
the model in the closest proximity to the walls and
makes the pressure distributions more susceptible to
wall interference.
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Figure 11: M=0.6 NTF to Flight Forebody
Pressure Distributions 30° < o < 40°

A limited set of higher Reynolds number data were
obtained at M~0.6 during the NTF test for
comparison with flight. Figures 11a through 11c
have test conditions of M=0.6, R=8.2 million, and
o=30° 35, 40° respectively. These pressure
distributions exhibit similar characteristics as seen in
the previous figures for flight Reynolds numbers of 5
to 6 million at lower Mach numbers, however there is
a larger offset between the NTF and the flight data in
the vicinity of the forebody vortices. This offset
between the pressure distributions appears to remain
fairly consistent over the limited angle of attack
range shown in figure 11, and would most likely be
attributable to the differences in the state of the
boundary layers affecting separation locations on the
leeward side of the forebody.
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Figure 12: Reynolds Number Effects on Forebody
Pressures o =~45° and 66°

Reynolds Number Effects on the F orebody Flow

A unique advantage of testing in the NTF was the
ability to study the X-29 over a large range of
Reynolds numbers. Figure 12 shows forebody
pressure data for the NTF model at chord Reynolds
numbers ranging from 0.7 to 5.4 million. Figures
12a and 12b have a test Mach number of
approximately 0.22 and angles of attack of
approximately 45° and 66° respectively. All these
data were obtained without fixing transition on the
1/16™ scale NTF model. As shown in Figure 13 the
Reynolds numbers based on forebody diameter (Rep,)
in Lamont’s criteria range from a laminar boundary
layer state to a fully turbulent boundary layer state.’
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Abstract

This paper describes the X-29A research program at
the National Transonic Facility. This wind tunnel
test leveraged the X-29A high alpha flight test
program by enabling ground-to-flight correlation
studies with an emphasis on Reynolds number
effects. The background and objectives of this test
program, as well as the comparison of high Reynolds
number wind tunnel data to X-29A flight test data are
presented. The effects of Reynolds number on the
forebody pressures at high angles of attack are also
presented. The purpose of this paper is to document
this test and serve as a reference for future ground-to-
flight correlation studies, and high angle-of-attack
investigations. Good ground-to-flight correlations
were observed for angles of attack up to 50°, and
Reynolds number effects were also observed.

Nomenclature
¢ mean aerodynamic chord, in
Cy normal force coefficient
Cp pressure coefficient
Cy side force coefficient
DARPA Defense Advanced Research
Projects Agency
ESP electronically scanned pressure
F degrees Fahrenheit
1 fuselage or body length, in
M Mach number
NTF National Transonic Facility
P, total pressure, psi
Reynolds number based on mean
Rc .
aerodynamic chord
Rep, Reynolds number based on
forebody diameter
S Wing reference area, in’
T, total temperature, °F
USAF United States Air Force
X axial distance from nose apex, in
a angle of attack, deg
0 circumferential angle, deg
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Introduction

A joint research program to investigate the high
angle-of-attack performance potential of the X-29A
forward swept wing fighter commenced in the
1980's. Primary partners in this joint program were
NASA, Grumman Aerospace, the United States Air
Force (USAF), and the Defense Advanced Research
Projects Agency (DARPA). During the high angle-
of-attack flight test, data were obtained to support
aerodynamics, flow visualization, control systems,
handling qualities, and maneuverability research. A
more extensive description of this flight program may
be found in reference 1. The National Transonic
Facility (NTF) X-29 High Alpha test was established
to augment this flight research program by enabling
ground-to-flight correlation studies with emphasis on
Reynolds number effects. Portions of the data from
this wind tunnel test have been previously published
in related articles.™® The purpose of this paper is to
further document this test and serve as a reference for
future ground-to-flight correlation studies, and high
angle-of-attack investigations.

Aircraft Description
The X-29A is a single place research airplane with a

29.27° forward leading edge sweep wing, close
coupled variable incidence canards, and full span
dual hinged flaperons.* The Grumman Aerospace
designed X-29A is shown in figure 1. The forward
swept wing is an aeroelastically tailored composite
structure with a supercritical airfoil and a fixed
leading edge. A 75-inch long nose boom, and 24-
inch long nose strakes are positioned at the nose
apex. Side and bottom views of the nose apex are
shown in figure 2.
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Figure 3: X-29A Research Aircraft Forebody
Pressure Locations

x/l = 0.201

The distribution of these static pressure rows is also
shown in figure 3, where 0° is the windward side of
the fuselage, 90° is the starboard side, and 180° is the
leeward side. In addition to these static pressure
orifices on the forebody, the research airplane was
also instrumented with three angle of attack vanes
and one angle of sideslip vane on the nose boom.

Figure 1: Grumman Aerospace X-29A

Facility Description
The NTF is a unique transonic wind tunnel designed

to conduct full-scale flight Reynolds number testing
through the use of high pressures and cryogenic
temperatures. This is a fan driven, closed circuit
wind tunnel with an 8.2-foot by 8.2-foot and 25-foot
long test section with a slotted ceiling and floor. A
planform view of the tunnel is provided in figure 4.

le e — 200 e ¥
! Low-speed diffuser 19.7-dia fan ‘
Tun3 | B Turn 2
i . .
. « -
) 4(%' //T/‘t )
48.6 ’ 35'723 , 14.95:1 contraction
- - B —
M — - | W,] t68da
i ) i asdia A | N e L Turn 1
Figure 2: Side and Bottom View of Nose Apex Turn 4 e , 4 .
' { Screens ! . - High-speed diffuser
¢ Cooling coit ‘sl 27-dia plenum 2 6° hait-angle
{ Wide-angle dift ! Slotted test section
Iae-angle aiifuser 8.2 by 8.0
The nose boom tapered from a 0.88-inch diameter at . .
the tip to a 3.5-inch diameter at the nose apex, and Figure 4: Planform View of the NTF
the nose strak.es were !.5 inches wide at the nose The tunnel operates using either dry air or gaseous
apex and 2..5 inches wide at the downstream end. nitrogen as the test medium. During air operations
As shown in figure 3 the research airplane was the tunnel pressure is used to control Reynolds
instrumented with four circumferential rows of static number, while in the cryogenic nitrogen mode the
pressure orifices. tunnel temperature and pressure are used to control

Reynolds number. The NTF affords a test

2
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environment in which the Mach number and chord
Reynolds number are identical for the scale model in
the test section and the full-scale aircraft in flight.
The NTF is capable of an absolute pressure range
from 15 psia to 125 psia, a temperature range from
-320°F to 150°F, a Mach number range from 0.2 to
1.2, and a maximum Reynolds number of 146x10°
per ft at Mach 1. Typical tests use a temperature
range from -250°F to 120°F. A more extensive
facility description can be found in reference 5.

NTF X-29 Test Program

The primary test objectives were to compare the NTF
high Reynolds number forebody pressure data to the
data obtained during the X-29A high alpha flight test,
and to assess the Reynolds number effects on the
forebody flow at high angles of attack. The effect of
fixing transition on the forebody was also studied
during this test program.

1/16"™ Scale X-29 Model

The NTF X-29 model is a 1/16" scale representation
of the research airplane. All of the components of the
X-29A research airplane were accurately scaled for
the NTF model except for the thickness of the nose
strakes. At 1/16" scale the model nose strakes should
have been 0.0075 inches thick, but were actually 0.03
inches thick due to NTF model strength

requirements. Pertinent model geometry is given in
figure 5.

Adjustable Control Surfaces
yAVAR

Flow Through

Inlets \

¢ =541lin
S = 104.1 in’

A
| ) e

e ———

Figure 5: 1/16" Scale X-29 Model Geometry

204 in

3

The 1/16" scale NTF model featured flow through
inlets positioned on either side of the forebody just
forward of the canards that combined to form a single
exhaust at the back of the model. A flow shield was
included to isolate the balance from the interior duct
flow in this model.

The contour tolerance of the wing, canard, and
vertical tail was + 0.002 inches. The fuselage
forebody tolerance was + 0.004 inches, while the
remaining fuselage tolerance was approximately

= 0.004 inches to + 0.006 inches. The model was
built of 18% nickel maraging steel (C type) witha
surface finish of approximately 10 microinches
{RMS). The model was composed of separable
components to allow testing of multiple
configurations. The flaperons, aft body strakes,
rudder, and canards were all designed to be set at
discrete angles. The 1/ 16" scale NTF X-29 model is
shown in figure 6 with all its control surface
components. During this NTF test only the canard
angle was varied. The model canard was designed to
accommodate five discrete angle positions (-20°,
25°,-30°, -35°, -60°), and was set to match the flight
test conditions as closely as possible.

Figure 6: NTF X-29 Model with Control Surfaces

A unique high alpha sting was used with the X-29
model. This sting was designed to accommodate an
angle of attack range from —7° to 74° using three
primary knuckle positions. A sketch of this high
alpha sting showing the three possible knuckle
positions is given in Figure 7. As seen in this sketch,
only the second knuckle position keeps the model
center of rotation aligned with the tunnel centerline,
and positions #1 and #3 would present the model
positions most susceptible for wall interference.
Figure 8 shows the 1/ 16" scale X-29 model mounted
on the high alpha sting in the NTF test section.
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‘ /sr\ Position #3 electronically scanned pressure (ESP) module with a
e full-scale pressure range of + 15 psid. The quoted
J (worst case) accuracy of the ESP module was
: approximately 0.20 percent of full scale or + 0.030
—Lf~ o psi (Cp variation +0.06 at the lowest dynamic
TUNNEL T pressure condition). For reference, the X-29A high
alpha flight test forebody pressure data were obtained
using + 1.5 psi differential pressure transducers with
an estimated accuracy of approximately + 0.007 psi.*
The model aerodynamic force and moment data were
obtained with a six component unheated strain gage
balance. The balance maximum load capacity and

Figure 7: General Arrangement of NTF High quoted accuracies are given in Table 2. The axial

Alpha Sting Depicting Three Knuckle Positions force and moment data acquired were inconsistent,
(Not to Scale) and deemed corrupt. These data show signs of

interference on the balance most likely due to the
tightly packed instrumentation within the model.
Normal and side force data were less sensitive to this
adverse effect, and are presented herein. The main
objective was to compare forebody pressures with

Position #2

l Position #1

available flight data.
Table 1: Circumferential Static Pressure Locations,
x/1=0.136

NTF Flight NTF Flight
0 (deg) | 6(deg) 0 (deg) 0 (deg)
24.2 n/a 185.9 186.0
47.6 n/a n/a 189.0
59.6 60.0 191.9 192.0
n/a 66.0 197.7 195.0
72.0 72.0 203.6 204.0
77.9 78.0 n/a 207.0
83.9 n/a 209.8 210.0
89.8 90.0 n/a 213.0
95.0 95.0 215.5 216.0
99.9 100.0 n/a 219.0
103.7 105.0 2214 222.0
Figure 8: X-29 Model Mounted in NTF Test Section 107.7 108.0 n/a 2250
(Knuckle Position #3) 114.1 111.1 2273 228.0
119.9 120.0 n/a 231.0
125.9 126.0 234.7 234.0
Instrumentation and Measurement Corrections n/a 129.0 n/a 237.0
The NTF model was instrumented with one 131.9 132.0 240.5 240.0
circumferential row of static pressure orifices on the n/a 135.0 246.2 249.0
forebody at station x/1=0.136. This forebody location 138.0 138.0 2523 2520
was chosen to correspond with one of the X-29A n/a 141.0 n/a 255.0
research airplane static pressure row locations (see 143.9 144.0 260.3 260.0
figure 3). The circumferential distribution of the n/a 147.0 265.2 265.0
model static pressure orifices was also positioned to 150.0 150.0 2700 270.0
match the research airplane as closely as possible. n/a 153.0 2760 276.0
Table 1 gives the circumferential pressure orifice 155.9 156.0 288.0 2880
locations for both the X-29 research airplane and the 162.1 165.0 /a 294.5
X-29 NTF model at x/1=0.136. Again, 0° is the 1679 | 168.0 2995 | 3000

windward side of the fuselage, 90° is the starboard n/a 171.0 336.1 n/a

side, and 180° is the leeward side. 174.0 1740 360.0 n/a

180.0 n/a

The NTF model forebody pressure data were
obtained through the use of one internal 48 port
4
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Table 2: NTF Balance Load Capacity

Component Maximum Full-Scale

Load Accuracy
Normal Force + 2500 Ib 0.10 %
Axial Force +350 1b 0.26 %
Pitching Moment + 5000 in-lb 0.11 %
Rolling Moment + 2500 in-1b 0.40 %
Yawing Moment + 4000 in-lb 0.18 %
Side Force + 1000 Ib 0.35 %

Space limitations inside the 1/16™ scale NTF model
due to the flow shield around the balance, and the
pressure instrumentation prohibited the use of an on
board accelerometer to measure model angle-of-
attack. These angles were measured using an
arcsector mounted accelerometer package corrected
for sting bending using the balance loads and support
sting deflection sensitivities. These angle of attack
measurements had an estimated accuracy of £0.1°.
Further information on the tunnel instrumentation,
data recording, and the data reduction algorithms is
provided in reference 6. The data herein were not
corrected for wall interference, support tare and
interference, and tunnel upflow.

Test Conditions

The NTF test program was designed to match Mach
number, chord Reynolds number, and angle of attack
with existing X-29A high alpha flight-test data. The
test had a Mach number range from 0.22 to 0.25 at
Reynolds numbers based on mean aerodynamic
chord ranging from 0.7 to 6.8 million, and an angle-
of-attack range from 28 (10 68 degrees. A limited set
of data were acquired at 0.6 Mach number, Reynolds
numbers ranging from 1.6 to 8.3 million, and an
angle of attack range from 28 to 42 degrees. The low
Reynolds number testing (Rc < 3.3 million) in air was
conducted at total pressures ranging from
approximately 16 to 75 psia, and total temperatures
ranging from 75 to 100°F. The high Reynolds
number testing (R¢ > 5 million) in gaseous nitrogen
had total pressures ranging from approximately 30 to
85 psia, with total temperatures ranging from —55 to
—200°F. Overall the dynamic pressure ranged from
approximately 70 to 800 psf.

Results and Discussion

Tunnel to Flight Pressure Data Comparison

A comparison of the forebody pressure distributions
obtained from the NTF and flight is given in figures
9 through 11. These data are plotted as the
coefficient of pressure (Cp) versus radial forebody
location (6) in degrees. Once again 0° represents the
windward side of the fuselage, 90° is the starboard
side, and 180" is the leeward side. All the data in

5

these figures were obtained without fixing transition
on the 1/16™ scale NTF model. Figures 9a and 9b
are for test conditions of 0.25 Mach number (M),
Reynolds number based on mean aerodynamic chord
(Rc) of approximately 6.6 million, and angles of
attack (o) of approximately 30 and 35 degrees
respectively. Figures 9¢ and 9d are for test
conditions of M=0.22, R¢=5.6 million, and o=40° and
45°, respectively.

3.0
r ® - Flight M=0.250 R.=6.83x10° Alpha=30.1deg
25k - NTF  M=0245 R_=6.70x 10° Alpha=30.0 deg
[ 180
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- ", ;‘
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© o: 020136
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osF
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E —=s—— Flight M=0250 R.=6.61x10° Alpha=34.9 deg
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20 S- /.‘-ng\
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Figure 9: NTF to Flight Forebody Pressure
Distributions for 30° < a < 45° at x1=0.136
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Figure 9: Concluded

The primary suction peaks at 6=70° and 290° indicate
the local acceleration of the attached flow around this
highly curved region of the forebody surface. After
reaching the maximum forebody width, the flow
begins to decelerate as it approaches the leeward side
of the forebody. This deceleration continues until the
flow separates at 6=110° and 250°. Finally, the
effects of the vortices due to the forebody are noted
by the secondary suction peaks at 6=150° and 210°.
This type of pressure distribution is typical of that
seen in previous forebody studies.” "

An approximate 10° off set exists between the NTF
and the flight data on the starboard suction peak at

6
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Figure 10: NTF to Flight Forebody Pressure
Distributions 50° < o < 66°

~70°. Since this off set remains fairly constant and
exists in all of the forebody pressure data examined,
it is most likely attributed to a slight geometric
difference in the forebody cross-sectional geometry
between the 1/16™ scale NTF model and the X-29A
research airplane. As expected, all the pressure
distributions remain fairly symmetric in this alpha
range (30° < 0. < 45%), and generally increase with
angle of attack. Overall there is a good correlation
between the NTF and flight forebody pressure
distributions for angles of attack from 30 to 45
degrees.

Figures 10a through 10d have test conditions of
M=0.23, Rc=5.4 million, and a=50°, 55°, 59°, and
66°, respectively. There is still reasonable agreement
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Figure 10: Concluded

between the NTF data and the flight data at o=50°,
but for angles of attack above 50° there is an
appreciable difference between the two pressure
distributions. At a=55° a distinct asymmetry
develops between the forebody vortices in the flight
data as indicated by the asymmetric secondary
suction peaks. The starboard vortex at 0=140° lifts
away from the surface while the port vortex at
0=210° shifts closer to the forebody causing a higher
secondary suction peak under the vortex core. The
proximity of the port vortex to the forebody also
influences the primary suction peak at 6=290°, and
ultimately results in a nose left yawing moment for
the research airplane. The pressure distribution for
the NTF model is more symmetric than the flight data
at this same angle of attack with only a slight nose

7

right yawing moment indication. The secondary
suction peak under the port forebody vortex for the
NTF data is less pronounced here than it has been at
the lower angles of attack.

At 059 the asymmetry between the forebody
vortices in the flight pressure distribution is more
pronounced. and again a pressure distribution
associated with the nose left tending yawing moment
is observed. The NTF data at «=59° again is a more
symmetric than that of the flight data with only a
<light tendency toward a nose right yawing moment.
"The flight pressure distribution for a=66" indicate a
change in asymmetry resulting in a nose right yawing
moment for the research airplane. which is typical for
very sensitive high Reynolds number forebody apex
flow fields.*®'" The NTF data at 0=66" maintain
characteristics similar to «=59°, and unlike the flight
Jata did not experience a change in yawing moment
direction.

Overall these differences in the pressure distributions
between the NTF and flight are most likely caused by
the differences in both the boundary layer states, and
the geometric modeling of the forebody apex. nose
hoom. and nose strakes. The differences in the
houndary layers between the research airplane and
the 1/16" scale NTF model may be attributed to
Jifferences in the surface roughness between the two
test articles. The NTF model had a very smooth
surface finish (approximately 10 microinches), while
the research airplane had longitudinal gaps and steps
in the forebody due to instrumentation access panels
that were located forward of the x/1=0.136 pressure
row. Other external equipment on the research
airplane that could have affected the forebody flow
especially at the higher angles of attack include an
antenna, as well as the three angle of attack and one
angle of sideslip vanes mounted on the nose boom.
None of these access panels or other equipment was
modeled on the 1/16" scale NTF test article. When it
is important to match high angle-of-attack flight
conditions for this type of forebody flow field, then it
is necessary to consider even the smallest geometric
differences that may cause an asymmetry in the flow.

A source of error that may also contribute to the
discrepancies observed between the NTF and flight
data for o = S0° would be the wall interference
associated with using knuckle position #3 on the high
alpha sting. For this test, knuckle position #3 placed
the model in the closest proximity to the walls and
makes the pressure distributions more susceptible to
wall interference.
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Figure 11: M=0.6 NTF to Flight Forebody
Pressure Distributions 30° < ot < 40°

A limited set of higher Reynolds number data were
obtained at M=0.6 during the NTF test for
comparison with flight. Figures 11a through 11¢
have test conditions of M~0.6, Rc=8.2 million, and
a~30°, 35°, 40° respectively. These pressure
distributions exhibit similar characteristics as seen in
the previous figures for flight Reynolds numbers of 5
to 6 million at lower Mach numbers, however there is
a larger offset between the NTF and the flight data in
the vicinity of the forebody vortices. This offset
between the pressure distributions appears to remain
fairly consistent over the limited angle of attack
range shown in figure 11, and would most likely be
attributable to the differences in the state of the
boundary layers affecting separation locations on the
leeward side of the forebody.

8

. Fight M=0.600 R.=8.31x10° Alpha=39.2 deg

25k > NTF M=0.598 R.=826x 10° Alpha<39.2 deg
180¢
20} o~ .
i f §
| 5¢° s -+2Hy
A5 4
o100k
05k
0‘0:_ i
05F
I ST I SRS I e b
05 90 180 270
0
11c) a = 40°
-3.0r
- —— NIF M=0216 R=0.74x10° Alpha=45.2 deg
- —— NIF M=0217 R=1.91x10° Alpha=45.3 deg
25F NTF  M=0217 R=3.18x10° Alpha=45.3 deg

—=&— NIF M=0215 R=5.39x10° Alpha=45.4 deg

12a) o = 45°

Figure 12: Reynolds Number Effects on Forebody
Pressures o = 45° and 66°

Reynolds Number Effects on the Forebody Flow

A unique advantage of testing in the NTF was the
ability to study the X-29 over a large range of
Reynolds numbers. Figure 12 shows forebody
pressure data for the NTF model at chord Reynolds
numbers ranging from 0.7 to 5.4 million. Figures
12a and 12b have a test Mach number of
approximately 0.22 and angles of attack of
approximately 45° and 66° respectively. All these
data were obtained without fixing transition on the
1/16™ scale NTF model. As shown in Figure 13 the
Reynolds numbers based on forebody diameter (Rep)
in Lamont’s criteria range from a laminar boundary
layer state to a fully turbulent boundary layer state.”
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Flow Regimes7

For reference, the ratio of the NTF model forebody
diameter (x/1=0.136) to the mean aerodynamic chord
is approximately 2/5 or 0.4, and the approximate
range of Rep, covered in this test is highlighted in
figure 13.

As expected, the secondary suction peaks at 0=140°
and 210° due to the forebody vortices are most
prevalent at the lowest and the highest Reynolds
numbers. There are only small differences between
the higher Reynolds number data (Rc21.9 million) in
figure 12b. The lowest Reynolds number data
(Rc=0.7 million) was fundamentally different at
0=66°. The pressure distribution for this Reynolds
number resembles more of a laminar flow field since
there is little pressure recovery before separation

9

cceurs at 6=90° and 270°. The higher Reynolds
number data in this figure exhibit a transitional
boundary layer characterized by the presence of a
separation bubble at §=100° and 260°.

A distinct difference in the forebody flow is noted
when comparing the lowest Reynolds number
pressure distributions (R¢=0.7 million or Rep=0.28
million) for 0=45° and 66°. At 0=45° the forebody
flow exhibits more of a transitional boundary layer
character while the data at 0~66" indicate a more
laminar boundary layer state. This demonstrates the
lower critical Reynolds number boundary (between
the L and T flow regimes) variation with angle of
attack shown in figure 13. e

"These Reynolds number effects can also be detected
in the normal (Cy) and side (Cy) force data. Figures
14 and 15 show the Cy and Cy data for the same test
conditions as figures 12a and 12b, respectively. The
moderate angle-of-attack data shown in figure 14
Joes not indicate a significant Reynolds number
cffect on Cy or Cy. All the pressure data for o=45°
xhibit a transitional to fully turbulent boundary layer
state, and as expected the variations in Cyand Cy
with R¢ are minimal.* '2 The higher angle of attack
data shown in figure 15 reveal more variation Cy and
Cy for the R¢=0.7 million condition. This higher
force data was expected since the pressure
distribution for «=66° had a more laminar boundary
layer characteristic."’
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Figure 14: Reynolds Number Effects on Cy and
Cy for o = 45°
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this test program. The purpose of this study was to
determine if better tunnel to flight correlation could
Figure 15: Reynolds Number Effects on Cy and be attained through the use of fixed transition. Twin

Cy for o = 66° grit strips were applied starting at the end of the nose
strakes and extending approximately 7 inches to
x/1=0.23. Transition pattern #1 was a band of #80
carborundum grit that had a constant width of
approximately 0.25 inches. Transition pattern #2 was
also a band of #80 carborundum grit that varied in
width from 0.25 inches wide at the nose strake to
approximately 1.0 inch wide at x/1=0.23. Figure 16
shows forebody pressure distributions for both
transition patterns for M=0.22, Rc=0.7 million, and
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o~45°". For reference, transition free data at both the
low and high Reynolds number conditions is also
included in this figure. Note that at this angle of
attack the low and high Reynolds number free
transition data match reasonably well without any
forced transition. The data obtained from transition
pattern #1 resemble a fully turbulent pressure
distribution. The vortices due to the forebody are
more prominent for transition pattern #2. Both
transition patterns are reasonably symmetric
analogous to the NTF flight Reynolds number data at
this angle of attack. However, transition pattern #1
appears to more closely simulate the high Reynolds
number condition.

e NTF M=0217 R.=0.68x10° Alpha=66.1deg Grit #1

< NTF M=0218 R.=0.68x 10° Alpha=66.0deg Grit #2
30 - - NTF M=0.217 R.=0.68x10° Alpha=66.0deg No Grit
I & NTF M=0.217 R.=5.10x10° Alpha=66.0deg No Grit
25 /,.EL.\
¥ / ; \
20fF j \ wt : oy
g / \ /
i / g R
161 A G0t

xi) =0.136

llllllll

Figure 17: Effect of Transition on Forebody
Pressures at o = 66°

Figure 17 shows forebody pressure distributions for
both transition patterns for M=0.22, R¢=0.7 million,
and 0=66°. Again, transition pattern #1 resembles a
fully turbulent pressure distribution, and the effect of
the forebody vortices is most prominent for transition
pattern #2. Both transition patterns eliminate the
laminar flow field observed in the low Reynolds
number transition free pressure distribution at this
angle-of-attack. The high suction peaks at 8=70° and
290° for the NTF flight Reynolds number data are not
matched by either of the fixed transition patterns,
although slight asymmetries are observed in both
transition pattern pressure distributions analogous to
the flight Reynolds number data. Fixed transition
data were only obtained at the lowest Reynolds
number condition, R=0.7 million, during this test
program.

Since the time of this test additional research has
been performed providing additional insight into
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gritting strategies for high angle-of-attack
investigations.” Twin grit strips on the model
forebody are still preferred, but the width of these
strips is now recommended to be approximately 0.13
inches. A constant width grit pattern is
recommended. It would be interesting to test this
new transition pattern on the 1/ 16" scale X-29 model
at flight Reynolds number, R¢=5 million, for angles
of attack greater than 50° to see if an asymmetric
forebody flow field develops similar to those
observed in the X-29A flight data. It would also be
interesting to test this new transition pattern at all test
Reynolds numbers, not just flight. to determine if the
new pattern actually makes the low Reynolds
numbers better resemble the flight pressure
distributions.

Conclusion

Results from the NTF X-29 High Alpha test have
been presented. The NTF high Reynolds number
forebody pressure data and the X-29A flight test data
showed good correlation up to o=50°. For angles of
attack above 50°, the flight pressure distributions
become asymmetric and do not correlate as well with
the high Reynolds number NTF data. The
differences in the pressure distributions were
attributed to a difference in the boundary layer states
between the NTF model and the X-29A research
airplane. The difference in the boundary layer states
is most likely caused by a difference in the surface
roughness between the two test articles, and the
external equipment on the X-29A research airplane
forebody and nose boom that was not modeled on the
1/16® scale NTF model. The wall interference
associated with using knuckle position #3 on the NTF
X-29 high alpha sting may also contribute to the
discrepancies between the tunnel to flight pressure
distributions for angles of attack above 50°. The
Reynolds number effects on the NTF model forebody
pressures for moderate and high angles of attack were
also presented. The lowest Reynolds number data
(Re=0.7 miltion) at 0=66° showed a laminar flow
field which was substantially different from the
higher Reynolds number (R¢21.9 million) pressure
distributions that exhibited more of a transitional
boundary layer characteristic. Fixing transition on
the NTF model forebody for the lowest test Reynolds
number condition improved the correlation to the
higher NTF Reynolds number data, but still showed
some fundamental differences with flight Reynolds
number pressure distribution.
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